Achieving useful endurance with Micro Air Vehicles (MAVs) using on-board electric powerplants remains challenging. This paper experimentally examined the feasibility of using orographic 'slope' lift in an urban built environment to increase the endurance of MAV platforms. The glide polar of a soaring MAV was measured in a wind-tunnel and validated through flight-testing, then compared with the velocity field immediately upwind of a representative urban building. The velocity field was mapped using a 1:100 scale model of the building in a wind-tunnel with a scaled atmospheric boundary layer. The vertical velocity component was found to be in the order of 15% to 50% of the mean wind velocity at building height. These results were compared with data measured on the full-size building and found to agree well. As the sink rate of the MAV was less than the available vertical velocity component for a wide flight speed range, it was concluded that it is possible to 'soar' immediately upwind of urban buildings to increase endurance. However, considerable control challenges are thought to exist since the full-scale data demonstrated that the flow exhibited high turbulence intensities.
INTRODUCTION
The utility of MAVs is typically constrained by two major factors, both of which are indirectly related to the small size of these aircraft. The endurance is limited by the on-board energy storage restrictions typically set by present limitations in the energy density of batteries. Practical experience has shown that MAVs are limited by environmental factors with even moderate winds reducing or eliminating their ability to fly the desired mission profiles. An example of degradation in performance in the presence of winds has been documented as a part of the US Air Force COUNTER program [1] , in that work, a clear example of a MAV being unable to reach multiple programmed waypoints in the presence of a 4.6 m/s wind is shown (Figure 1 ). This concept was expanded considerably to the modeling the flight of a UAV in an urban environment [2] , where the flow field around large city buildings in the presence of wind were used as inputs into a 6-DOF flight simulation of an Aerosonde UAV to document the changes to the flight path. The author does a thorough job of demonstrating the potential challenges faced by flying in an urban environment by showing how the flight path can be altered in all three dimensions due to the complex flow in the vicinity of buildings. While the displacements predicted by [2] for the 13 kg Aerosonde are only on the order of 0.5 m, for a small UAV such as the AeroVironment Raven, these displacements would be on the order of 3.5 m, and for a 200 gm MAV the displacements would be over 30 m assuming that the same amount of work was done on each of the UAVs by the local winds. The simulations described above and ample anecdotal evidence indicates that windy urban environments are particularly challenging for MAVs.
The present work explores the option of utilizing the local wind energy generated as an air mass is forced around a building to overcome the low endurance limitation of small UAVs. It has been estimated that the endurance of a small gliding UAV (4.3 m wingspan) can be extended from 2 to 8 hours in winter and to 14 hours in summer by using soaring flight [3] , suggesting that soaring may be a way of reducing the limitations in on-board energy storage for MAVs. In urban environments this can be present in the form of orographic lift (defined as lift that is created by the vertical motion of air moving past undulating terrain), as prevailing winds divert over city buildings. A number of platforms exist that meet the specifications of MAVs that are person portable and maybe capable of building soaring, including the AeroVironment Raven and recreational models that are used by radio control enthusiasts to either soar in thermal or slope lift. However, it is not known if the orographic lift in urban environments is suitable to be soared by such platforms. While many of these platforms are available at low cost, no work appears to have been published on measuring and characterising the glide performance of such -particularly with respect to sink-rates, flight speeds and the vertical air movements required to keep them airborne in typical wind speeds. Limited performance testing of complete MAV platforms has been conducted to date. An example of a parametric study can be found in [4] where the influence of aspect ratio (0.8 to 4) and planform shape on lift and drag included the documentation of lift/drag polars. At the low Reynolds numbers studied, the maximum lift-to-drag ratio (around 5:1) was found to be relatively insensitive to shape and aspect ratio. However, for practical considerations of building soaring, the glide polar, which presents the sink-rate corresponding to a range of airspeeds, is desirable. The glide polar can be used to illustrate that the minimum sink rate (which occurs at a unique airspeed) is far more critical than maximum liftto-drag ratio in achieving soaring flight [5] . In that work, the practical soaring limit was placed at a minimum sink rate of 1 m/s (due to typical strength of lift in the atmosphere). Insects, birds and mademade craft with a minimum sink rate greater than this are unable to achieve sustained soaring flight. Therefore to address the feasibility of urban soaring a glide polar is required to assess the suitability of any MAV. This paper presents the determination of a glide polar for a MAV based on the Alula evo platform through wind-tunnel and flight-testing.
Measurement of MAV glide performance represents only part of the information required for urban soaring. It is also necessary to determine how much energy is available for soaring in urban environments and to understand its characteristics. Whilst extensive studies have been conducted to understand the flow around buildings in urban environments, most have been from the perspective of building aerodynamics with the notable exceptions of [1, 2] . Field work has included studying the wakes of structures and turbulent flow around take-off and landing of aircraft [6, 7] , dispersion of pollutants downwind of buildings [8, 9, 10] , pedestrian wind comfort and numerous studies on wind loads on structures [11, 12] . These studies have predominantly focused on pressure distributions or downstream topology models, rather than the velocity components immediately upstream of the building. This region is critical, as it is likely where the most usable orographic lift is located for the purposes of building soaring. While some research effort has focused on the development of turbulence models to produce accurate CFD models of the flows in large cities [13] , these works provide some confirmation of the near field flow around buildings by comparing their numerical results with the limited experimental data available. An example of three numerical simulations and a set of limited experimental data from [13] are shown in Figure 2 , which indicates that a significant upward velocity component exists.
Building 201 (located at RMIT University Bundoora Campus) was selected investigate the soaring potential around a representative building, due to its relatively simple cuboid shape (38 m by 38 m with a height of 43 m), and the environment around it matched the topography of a suburban terrain ( Figure  3 ). To determine the potential lift available, the flow field upwind of a scale model of the representative urban building was measured in a wind-tunnel. The results were validated by measurements from above the roof of the full-sized building. Results from these studies are then compared with the measured sink-rate and airspeed data of a MAV in order to investigate the feasibility of orographic soaring by MAVs in urban environments.
F Fi ig gu ur re e 2 2. . Velocity vectors from numerical simulations (a-c) and experimental data (d) [13] F Fi ig gu ur re e 3 3. . RMIT Building 201, North (left) and West (right) faces respectively 
MAV PERFORMANCE MEASUREMENT
A robust MAV, yet posing minimal possibility of damage to the building and personnel, was desirable for testing; both for calibration flights from a flat field (Section 2.2) and for planned flights launched from the top of the building. The MAV selected was based on the Alula (evo series), a commercially available model (produced by Dream-Flight in California). This is a small discus-launch radiocontrolled flying-wing glider with a wing-span of 900 mm, wing-area of 16.7 sq.dm, length of 480 mm and approximate flying mass of 170 grams (without flight data instrumentation). A three-view drawing of the MAV is presented in Figure 4 . The Alula evo MAV was chosen due to the manufacturer's claim of it being an 'urban soarer' from anecdotes that it was capable of soaring in unconventional locations due to low wing-loading (10.2 grams/sq.dm) and full trailing-edge elevon control system, giving good maneuverability. These features mean that weak lift (flows with small vertical velocity component) can be successfully exploited in confined spaces. Additionally, the platform area of the Alula is analogous to that of a soaring raptor (hawk), lending itself to low chances of recognition as a man-made platform. This is potentially an important quality for MAVs used in urban environments for surveillance purposes -easy detection of the platform can be reduced with such bio-mimicry. The discus launch technique (also referred to as a side-arm launch, whereby the platform is gripped by a wing-tip and accelerated in a circular path -similar to that of the discus-throw athletics event) enables good height (~15 m) to be achieved by an operator -conceivably adequate to reach a lift band adjacent to a low rise building. 
Wind-tunnel testing
To determine the glide polar, a closed-loop wind-tunnel with an octagonal working section was used. The turbulence intensity of the tunnel was measured to be 0.5% [14] , which was deemed to adequately approximate smooth flow for the purposes of this work although it should be noted that the turbulence experienced flying outdoors in any appreciable wind will normally be much higher than this (discussed in Section 2.2). The blockage-ratio was negligible (<1%) so no correction was made. The MAV was mounted on a 10 mm diameter sting with a pivot (3.1 mm rod) located approximately 5 mm forward of the centre of gravity (i.e. the position recommended by the manufacturer). The configuration is shown in Figure 5 . The sting was connected to a JR3 force balance. The MAV was set-up with radio control equipment -similar to that used for a flying platform -to remotely adjust the position of the elevons enabling remote control of the angle of incidence in the tunnel. The tunnel was turned on to a pre-determined airspeed. When the airspeed was stabilised, the remote control equipment was then used to 'fly' the MAV in the tunnel on the sting, adjusting the angle of incidence of so that the lift force produced (1.75 N) was equal to the flying weight. When at equilibrium conditions, the total drag force was measured. The MAV drag was determined by subtracting the drag contribution from the sting (measured without the MAV in place). The drag data were converted to sink-rate by multiplying the airspeed and dividing by the weight [15] . Minor errors arise from the tunnel data acquisition system (i.e. the force balance and pressure transducer) but these are considered negligible since both were calibrated before the tests. Another error arises from the fact that the pivot position was not exactly at the centre of gravity for the flight testing, thus there is a small change in elevon trim between tunnel and flight testing. This is also considered negligible as the change in elevon deflection was extremely small.
F Fi ig gu ur re e 5 5. . Alula evo MAV mounted in wind-tunnel for glide polar testing
The glide polar (quadratic curve fit) based on sink-rates (determined by wind-tunnel drag measurements) for the MAV is presented in Figure 6 . The maximum lift-to-drag ratio (at which the minimum glide angle occurs) is shown by the line drawn from the origin to the tangent of the glide polar [15] . For the Alula MAV the maximum lift to drag ratio is approximately 12 and occurs at an airspeed of approximately 6.5 m/s (determined graphically).
F Fi ig gu ur re e 6 6. . Wind-tunnel data and glide polar for Alula evo MAV
Flight-testing
Flight-testing was conducted in addition to the wind-tunnel work. This was to validate the tunnel data under a range of turbulence intensities in the real flight environment, and it also offered much-needed insight and experience into the control issues of flying in the turbulence inherent in the lower levels of the Atmospheric Boundary Layer (ABL). The relative turbulence characteristics experienced by MAVs flying through the ABL and the associated aerodynamic issues are significant [16, 17] . The craft was instrumented with light-weight data logging equipment (Eagle Tree Systems, LLCTM) to record barometric airspeed, altitude and position parameters using a modified eLoggerTM V4, Airspeed MicroSensor V3, Altitude MicroSensor V3 and GPS Expander Module respectively. A commercially available 2.4 GHz radio control system was used for flight control. A Prandtl-type pitot-static tube was installed on the right wing for airspeed and altitude measurements, positioned suitably far forward of the leading edge to give minimal interference with velocity and static pressure. The installed equipment increased the mass of the craft to 212 grams (nominally 32 grams greater than that used for wind-tunnel testing). While it is acknowledged that increasing the flying mass increase the sink-rate (compared with a non-instrumented craft) the installation of onboard mission-specific equipment would likely result in a similar increase. Flat field flight tests were conducted under a range of atmospheric winds; however, the data presented here are restricted to those obtained under very light winds (< 2 m/s). Light wind conditions were desirable to ensure that airspeed could be stabilised and held constant for as long as possible. A number of flights were made with the discus-launch technique achieving a maximum height of approximately 15 metres above the ground at the apex of the launch. Flight duration was typically 25 to 30 seconds. All parameters (airspeed, altitude and GPS) were sampled at 10 Hz. Each flight followed a similar profile that involved visually stabilising airspeed after launch and maintaining this constant airspeed for as long as possible (to obtain useful sink-rate data collection time) before reducing the airspeed and sink rate immediately prior to landing (to minimise damage). It was not possible to achieve a nominated airspeed as there was no telemetry to the pilot; however, provided the airspeed was in the range covered by glide polar testing this was considered adequate to validate wind-tunnel data.
Flight data were analysed for four hand-launched flights. For each flight, the longest region of stabilised speed was nominated and was deemed to finish when the speed deviated from the nominated speed by more than 0.55 m/s (two airspeed resolution steps). The analysis region was considered to start prior to the attainment of the stabilised speed to when the airspeed was within 0.6 m/s of this speed. The data was also terminated if the GPS position data indicated that the rate of turn had increased to greater than that corresponding to a nominal 5 degree angle of bank -as this would increase the sink rate for a given stabilised speed. The mean airspeed (as opposed to the nominated stabilised airspeed) over this region was used for sink-rate analysis (altitude loss for the interval divided by the length of the interval). An example of flight data analysis is presented in Figure 7 . While airspeed measurement resolution (during flight testing) was of the order of 0.28 m/s, averaging the airspeed over the analysis interval significantly reduces this error. The low standard deviation of airspeed for the analysis intervals (0.18 to 0.34 m/s) indicates reasonable airspeed reliability for the analysis intervals selected. Airspeed measurement calibration was confirmed by placing the Alula platform with logging equipment in a wind-tunnel and altitude calibration by placement at a range of known heights. The resolution of altitude (1 m) measurements limits the accuracy of the sink-rates determined, as such the maximum error was evaluated to be between 0.14 and 0.30 m/s (assuming the worst case altitude resolution error of 2 metres) and also dependent on the length of the analysis interval; the longer the analysis interval the smaller the corresponding error (as altitude error is evaluated by dividing the error by the interval length). A summary of flight-test data is presented in Figure 8 . No data are presented for airspeeds below 4.8 m/s as stall was encountered in this region. Good agreement can be seen between the wind-tunnel derived glide polar and sink rates measured from flight testing. While the potential error bounds are relatively large (shown in Figure 8 ), measured data generally fall close to the wind-tunnel glide polar. This error could be reduced in subsequent testing through the use of an altitude sensor with greater resolution. Although the weight of the platform used for flight-testing was greater than tested in the tunnel, no significant increase in sink-rate was measured, although it is recommended that further studies consider the influence of wing-loading as well as testing at higher airspeeds.
F Fi ig gu ur re e 8 8. . Flight-test data compared with wind-tunnel glide polar
LIFT UPWIND OF A REPRESENTATIVE URBAN BUILDING 3.1 Scale-building Flow Field Measurements
Suburban terrain velocity and turbulence intensity profiles closely following those outlined in [18] were generated at 1:100 scale in the RMIT University Industrial Aerodynamics Wind Tunnel. This corresponded to a turbulence intensity of approximately 30% at 10 meters elevation reducing to nominally 20% at building height (43 m). As is normal in model-scale wind engineering tests this involved modification from the nominally smooth, uniform test section flow by an array of upstream barriers and floor-mounted roughness elements to artificially thicken the boundary layer within a reasonable stream-wise distance [11] . The test section was 9.2 m long, 2 m high and 3 m wide. The region of the test-section used for testing was 40 characteristic lengths (based on maximum barrier height) downwind from the array of barriers and over ten characteristic lengths away from the roughness element. The velocity profile was measured with a TFI Cobra probe and traversing gear. Cobra probes are four-hole pressure probes offered commercially by Turbulent Flow Instrumentation (TFI) [19, 20] . The probe used had a 2.6 mm multi-faceted head (able to resolve the three orthogonal velocity components 
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Flight-test data
Wind-tunnel glide polar Data from flight shown in Figure 7 within a cone of ±45°), which was considered sufficiently small to have minimum influence on the flow field. Details of the system and examples of use can be found in [21] and verification and further details including dynamic capabilities, probe operation methodology and calibration techniques can be found in [22] . The time-averaged velocity errors are very much a function of the mean velocity squared (since the velocities are deduced from pressure differences); however, considerable experience has shown an error of less than 0.3 m/s at the typical measured velocities for this work [23] . The main source of error occurs in the measurement of the inclination of the tip of the Cobra probe; these errors are of the order of +/-3°which will not significantly affect the conclusion drawn here. All testing was conducted at a nominal tunnel velocity of 10 m/s. A Reynolds number sensitivity test was conducted and indicated that the non-dimensional results were Reynolds number insensitive and that the profiles of time-averaged velocity and turbulence intensity replicated the standard suburban atmospheric boundary layer well. The 1:100 scale building model had a width of 0.38 m, a depth of 0.38 m, and a height of 0.43 m. While the model replicated the building floor-plan, details such as windows, trimmings and ventilation systems were omitted. Since the blockage ratio was relatively low and all data were nondimensionalised, no corrections were applied. A vertical upstream plane aligned with the centreline of the building was established to measure the velocity field upstream of the building. Velocity components for the x, y and z axes were denoted by u, v and w respectively and conform to the sign convention specified in Figure 9 . The lateral distance (y) 0 m is at the centreline of the building, the height (z) of 0.43 m corresponds to the top of the building, and the longitudinal distance (x) of 0.02 m is upstream from the front face of the building. A Cobra probe was used for flow measurement at 35 points on the measurement grid. The angle of the tip of the Cobra Probe was varied at each point to ensure all data lay on the calibration surface of the probe (within the 90°cone of acceptance). This angle of inclination was measured at each point with an inclinometer to allow later resolution of the velocity components. For each point samples of 60 seconds were taken which was found to be sufficiently long to establish stable mean and timevarying quantities. The vertical velocity component (w) normalised to the mean velocity at building height is presented in Figure 10 . A corresponding vector velocity field is shown in Figure 11 .
The maximum vertical component of the flow velocity was found to be approximately 50% of the mean velocity at building height (U) and represents a peak vertical velocity component (w) of around 3.3 m/s. Substantial regions of vertical velocity exist of at least 1 m/s. The vertical velocity decreases towards the stagnation point of the building at approximately z ≈ 0.35 m on the upstream face of the building. This stagnation point occurs at approximately 80% building height which concurs with previous studies [24] . 
Full-size Building Measurements
A northerly wind (bearing of 360°) was necessary for the analysis to reproduce the flow simulated by tunnel testing; at the time of testing the wind was approximately northerly with a minor westerly component (355°to 360°). The same Cobra probe used in the wind-tunnel testing was mounted on a mast with an adjustable angle of incidence on the roof of the building. Similar sources of error exist for the full-size building and the model testing due to the use of the same velocity measurement instrumentation (Section 3.1). For full-size building measurement, slight additional error may have been introduced by the velocity deviating from northerly (with 5°of westerly) but as a cosine response is expected this error will be very small. The height of the mast was adjusted to 1.5 m above building top edge, which coincided with a point on the measurement grid from wind-tunnel testing. A wool tuft was used to indicate the mean flow angle. The frame of the mast was then tilted in the direction of the flow and the angle measured using an inclinometer. Two samples of 15 minutes were used which were found to give stable flow quantities. Velocity measurements are presented in Table 1 for Building 201 with a corresponding point from wind-tunnel testing. For purposes of comparison (as the wind speed during full-size building testing was different to that in the wind tunnel) velocity components are normalised to the mean flow velocity at this position. The overall turbulence intensity for the full-size Building 201 (at the single measurement location) was measured at 11.8%. The normalised velocities for the full-size building test compare well with those measured for a similar point from the wind-tunnel testing ( Table 1 ). The more significant lateral component (v) found for the full-size building data is attributed to the specific geometry of the roof of Building 201, which was simplified for the wind-tunnel tests. Although the number of samples is limited, the wind-tunnel tests appear to conservatively (under) predict the vertical component of velocity at this point by a small amount. This indicates that the remainder of the flow field measurements from the wind-tunnel test are reliable and can be used to predict the vertical velocity of this flow field, meaning that in the region measured the rate of lift will be between 15% and 50% of the mean wind speed at this height. (Figure 10) is between 15% and 50% of the mean flow speed at building height. Therefore, soaring would be possible when the sinkrate is less than (or equal to) the available vertical velocity, which in this case occurs when the mean wind speed at the height of the building is greater than 3 m/s. However, this also requires the platform to be flown continuously in a region of sufficient lift (at a relatively constant airspeed corresponding to a sink-rate that is matched to the available lift) as shown notionally in Figure 12 An additional consideration is that of the statistical distributions of mean wind speeds. Clearly soaring would only be possible on days of the year where the local wind speed is sufficient. In stronger winds, the Alula MAV and MAV platforms of higher sink-rate would be able to soar, conversely at lower wind speeds the Alula MAV and similar platforms would not be able to maintain height. Additionally, the velocity distribution should be nominally similar to that found here when the wind direction is closely orthogonal to any of the four faces of the building (within +/-10°). It is expected that the least potential for lift exists when the wind is 45°from these directions. Clearly this will depend upon building shape, size and aspect ratio. The influence of wind direction, building and city configuration (particularly the proximity of other adjacent buildings) are important considerations. While the flow field is arguably more complex, the MAV would have the possibility of using the lift from multiple buildings and thus could hop from building to building and use progressively taller buildings to stair step up in altitude. Again, while this appears technically feasible, it would be a challenge to implement in an autonomous behavior. It has been demonstrated that increasing the turbulence intensity from nominally smooth to ~12%, increases the time-averaged performance of an airfoil at similar Reynolds numbers [16] However, those results were obtained via a series of wind-tunnel tests where the wing was held stationary and the effect of continuously varying the control inputs in order to maintain steady flight in turbulence is not known. The effects of the motion of the MAV are also not known. To keep an MAV in the area of maximum lift in front of a building would require precise maintenance of placement via an active turbulence rejection system, particularly in roll [25, 26] , as well as specific guidance and navigation algorithms. If these control challenges can be overcome, additional "energy harvesting" possibilities exist using an on-board electric powerplant that could function both as a motor and a generator.
FEASIBLY OF URBAN SOARING
CONCLUSIONS
The sink-rate of a soaring MAV was measured and found to be between 0.5 m/s and 2.6 m/s at flight speeds between 4.8 m/s and 12.8 m/s. This was compared to the experimentally measured velocity field immediately upwind of a model representative urban building subject to a scaled atmospheric boundary layer. The model scale measurements were verified via limited full-scale measurements on a real building and were found to be in close agreement. In optimal locations (close to the top of the building) the vertical component was between 15% to 50% of the mean velocity component. This demonstrated that, depending on the wind strength and direction, it is feasible to soar a MAV platform if it has a sink-rate of less than approximately 0.5 m/s for wind direction nominally onto the face of the building and if atmospheric wind speeds are 3 m/s or greater (at building height). Additional challenges of guidance, navigation and turbulence rejection exist to keep the MAV flying in this region and these are to be the subject of further studies, particularly the development of an autopilot for active turbulence control to maintain position.
